Bacterioplankton biomass, production, and growth rate were measured over a 2-yr period in Lake Dillon, a mesotrophic Colorado reservoir. In addition, a multivariate statistical analysis and nutrient addition experiments were used to analyze the regulation of bacterioplankton growth in situ. Biomass ranged between 170 (winter) and 2,200 mg C m-* (summer); production ranged from 10 (winter) to 625 mg C m-* d-* (summer); annual bacterioplankton production was 47 g C m-2 yr-l in 1987 and 67 in 1988. Population growth rates ranged between 0.001 and 0.08 1 h I. Growth rates in the epilimnion were substantially below estimated potential rates, suggesting severe nutrient limitation during the period of stratification. Population growth rates were highly correlated with P concentrations but not with dissolved organic C concentrations. Bacterioplankton growth in the summer epilimnion responded strongly to the addition of P alone or in combination with N or labile organic C. The field data show that bacterioplankton arc frequently without suflicient nutrients to sustain maximum growth; the experimental and statistical analysts indicate that P, rather than organic C, is the critical nutrient for bacterioplankton growth in this lake.
Organic carbon of algal origin is readily used by bacterioplankton (Brock and Clyne 1984) . In addition, several workers have demonstrated a relationship between bacterioplankton abundance or production and phytoplankton production or biomass (e.g. Riemann and Sondergaard 1984; Bird and Kalff 1984; Cole et al. 1988) . Although these observations suggest strong regulation of bacterioplankton by organic C, there is little experimental evidence to demonstrate that the flux of algal C directly constrains bacterioplankton production. Inorganic nutrients may also regulate bacterial activity, but have received less attention than organic C. The high affinities of bacteria for inorganic nutrients provides a significant competitive advantage (Currie and Kalff 1984a, b, c) and would seem to prcelude the possibility of inorganic nutrient limitation in planktonic bacteria under most circumstances. Also, bacteria sequester a ' Present address: Department of Earth and Environmental Sciences, Lehigh University, Bethlehem, Pennsylvania 180 15.
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This work was supported by NSF grant BSR 90-20684. disproportionately large amount of P (Vadstein et al. 1988; Glide 1989; Jiirgens and Giide 1990) and N (Wheeler and Kirchman 1986; Kirchman et al. 1990 ) compared to other planktonic organisms. Although these studies support the presumption that bacteria compete favorably for inorganic nutrients, they do not show conclusively that planktonic bacteria grow under conditions of nutrient sufficiency. In fact, cellular P contents for natural populations suggest that bacterioplankton are frequently subsaturated with P and thus potentially limited by P deficiency (Vadstein et al. 1988; Vadstein and Olsen 1989) .
Activity or biomass of freshwater planktonic bacteria can sometimes be increased by adding inorganic P (Jones 1977; Cooncy et al. 1985; Peters et al. 1987; Toolan et al. 199 1) . In addition, statistical evidence suggests that P may play an important role in determining differences in standing stocks of bacterioplankton across a wide variety of lakes (Bird and Kalff 1984; Shortreed and Stockner 1986; Currie 1990 ). However, because primary production is often stimulated by P (Schindler 1978) , P may influence bacterioplankton indirectly by stimulating the rate at which C substrate is produced. Definitive identification of nutrient limitation requires an experimental approach 1179 that will segregate the roles of C and inorganic nutrients.
During 1987 and 1988, we studied bacterioplankton growth and nutrient limitation in Lake Dillon, a mesotrophic Colorado mountain reservoir (elevation, 2,750 m; surface area, 1,330 ha; Morris and Lewis 1988; Lewis et al. 1984) . Our purpose was to quantify the role of bacterioplankton in the C cycle of the lake and to determine the relative importance of C, P, and N in regulating the growth of bacteria. The study relies on data from field populations, nutrient limitation experiments, and multivariate statistical analysis to provide insight into the seasonal dynamics of bacterioplankton in the lake.
Methods
Analytical methods -Samples were collected from Lake Dillon at the point of maximum depth (60 m) at biweekly intervals from May through September 1987 and 1988 and at monthly intervals during the rest of the year. On each date, samples were obtained near the surface (0.5, 1 .O, 2.0, and 5.0 m) with a 7-liter Van Dorn bottle; additional samples were taken with a 5-m integrating sampler at 5-m increments from 7.5 m to the bottom. The samplers were soaked in ethanol and thoroughly rinsed with lake water before use. Samples collected for chemical analysis were kept cold and dark until they were analyzed. Particulate and dissolved fractions were separated by vacuum filtration through ashed and tared Whatman GFK filters. Soluble reactive P (SRP) in the filtrate was analyzed by the ascorbic acid-molybdate method of Murphy and Riley (1962) . Total dissolved P (TDP) was determined by a modification of the oxidation method described by Lagler and Hendrix (1982) and Valderrama (198 1) . Dissolved organic P (DOP) was calculated as the difference between TDP and SRP. NO3 was determined by liquid anion chromatography.
Suspended particulate matter was collected onto ashed and tared GFK filters, dried to constant weight at 6O"C, and reweighed. Subsequent to determination of total particulate matter, filters were analyzed for particulate organic C (POC) with an elemental analyzer. Particulate P (PP) was analyzed according to the method of Solorzano and Sharp (1980) . Phytoplankton were collected on GF/C filters and chlorophyll a and pheophytin a were measured by the spectrophotometric method of Marker et al. (1980) and Nusch (1980) , which is based on extraction of pigment with hot 90% ethanol (vol : vol) and subsequent acidification.
Results were periodically validated by HPLC.
Samples collected for determination of dissolved organic C (DOC) were filtered gently (< 130 mm of Hg) through ashed Gelman A/E filters. The filtrate was frozen pending analysis which was usually within 2 weeks. The sample was digested with persulfate and phosphoric acid in sealed ampules (Wetzel and Likens 1979) ; CO, from the resulting decomposition of DOC was quantified by gas chromatography.
Primary production was determined in situ by the 14C method described by Wetzel and Likens (1979) . Samples collected from seven depths in the photic zone were spiked with 74 kBq of NaH14C0, per sample and suspended in 130-ml Pyrex bottles at the depth from which they were collected. Sample incubation (2-4 h) was usually conducted near midday. Volumetric productivity values were converted to areal estimates as suggested by Wetzel and Likens. Bacterioplankton were preserved with buffered formaldehyde or glutaraldehyde (2% final concn), filtered onto 0.2~pm Nuclepore filters, and counted by fluorescence microscopy at 1,250 x (Hobbie et al. 1977) . At least 400 bacteria were counted per sample; no fewer than 10 fields were examined per filter (expected counting error <5%). It is often difficult to distinguish bacteria and photosynthetic picoplankton with acridine orange. For this reason, unstained samples were occasionally examined by epifluorescent microscopy, which is capable of showing chlorophyll autofluorescence. Less than 5% of cells of < l-pm diameter exhibited chlorophyll autofluorescence.
The mean cell volume of bacterioplankton was determined for the mixed layer on all dates and for the hypolimnion when the lake was stratified. Composite samples were created by abundance-weighted mixing of samples from different depths. Cell volumes were determined by fluorescence microscopy and photomicrography (Fry 1988 ). Cells were collected by filtration and stained with acridine orange. Fields were photographed with Kodak T-Max (ASA 2000) or Kodak Tri-X Pan (ASA 400) high-contrast black-and-white film. Negatives were projected and cell dimensions (100 cells per sample) were measured with a micrometer. The measurements were routinely calibrated from photographs of a stage micrometer or standardized microspheres that were projected along with the images of bacterioplankton. The cell volumes were calculated as spheres (cocci) or straight-sided rods with hemispheric ends (bacilli). These model shapes were appropriate because cells were predominantly cocci, bacilli, or shallow vibrio. Few deep vibrio or spirillum shapes were present in the plankton. Cell volumes were converted to C biomass with the relationship of Simon and Azam (1989) . On the basis of this relationship, the average bacterioplankton in the epilimnion of the lake (mean cell volume of 0.144 pm") contained 0.207 pg C pm-3.
Bacterioplankton production was determined from the rate of incorporation of thymidine (Tdr) into DNA in situ. Triplicate 15-ml samples of lake water were placed into sterile polypropylene test tubes and spiked with [3H-methyllthymidine (20 nM Tdr; 1,850-2,590 GBq mmol-'). The samples were suspended in the lake at the depth from which they were collected and allowed to incubate for 1 h (summer) to 4 h (winter). Uptake of label was stopped by adding formaldehyde (2% final concn). Samples were then placed on ice and transported to the laboratory where they were filtered onto 0.2-pm-pore nylon membrane filters (MS1 Magna) and thoroughly rinsed with 20 ml of filtered lake water. Filters were frozen until the DNA was extracted and purified (usually <24 h). DNA was extracted and purified by a modification of the method of Findlay et al. (1984) , which is based on the solubility of DNA in hot and cold TCA. Counting efficiency was estimated by the external standard method; blanks consisted of samples that were fixed with formaldehyde (2% final concn) before adding the label.
Conversion factors for Tdr incorporation were determined in triplicate for each sampling date from the ratio of Tdr incorporation to growth rate in unenriched cultures of bacterioplankton that were collected from the lake and diluted by the methods given below. New cells were assumed to have a volume equivalent to the mean cell volume of bacteria in the stratum of origin on the sampling date.
Several variables have been converted from volumetric to depth-integrated (areal) values. For these calculations, each sample was weighted according to the proportion of total lake volume found in the stratum from which it came.
Nutrient response experiments-Nutrient limitation was assessed by the growth response of dilute bacterioplankton communities to additions of various organic and inorganic nutrients. Water collected from the epilimnion was split into two fractions in' the laboratory. The first fraction was gently filtered (< 130 mm of Hg) through ashed Whatman GF/D and Gelman A/E glass-fiber filters. Although the effective pore size of the A/E filter is larger than the smallest bacteria, counts on the filtrate indicated that > 98% of the cells were removed by this treatment.
Analysis of the filtrate also showed that filtration caused no statistically significant increases in dissolved P, N, or DOC:
The filtrate was used to dilute the natural plankton community (1 : 5 to 1 : 20). Dilution was greater during summer stratification when bacteria, phytoplankton, and bacteriovores were most numerous at this time. The purpose of dilution was threefold: to reduce the grazing pressure on bacteriaplankton, to reduce the demand for soluble nutrients, and to minimize the effect of increased phytoplankton C fixation and exudation in response to nutrient enrichment.
During 1987, each enrichment experiment consisted of three replicates each of a control and seven nutrient addition treatments. The control was diluted lake water with no nutrient additions. Nutrient addition treatments consisted of diluted lake water with additions of organic C only (500 pg liter-' glucose-C and 500 pg liter-' sodium acetate-C), N only (200 pg liter-' NH&l-N), and P only (50 pg liter-' sodium dibasic-P), as well as combinations of these nutrients (C+N, C+P, N+P, and C+N+P). In 1988, additions of amino acids (50 nM each of 2 1 amino acids) and yeast extract (2 mg liter-l) were also made.
Depending on the dilution factor for a particular date, between 400 and 475 ml of diluent was poured into sterile Whirl Pak bags. Each bag was then inoculated with sufficient unfiltered lake water to bring the total sample volume to 500 ml. The samples were then incubated in the laboratory under conditions designed to simulate the light and temperature regime from which the sample was originally collected. Incubations ranged in duration from 96 (winter, < 5°C) to 36 h (summer, > 15°C). The growth response of bacterioplankton to each experimental treatment was evaluated by two methods: determination of bacterioplankton growth rates (p) by direct cell counts (17 dates) and by measurement of Tdr incorporation at the end of the incubation period (all dates). Because the two methods did not produce appreciably different outcomes, Tdr incorporation data were used to evaluate nutrient limitation on all dates.
Estimates of the potential maximum specific growth rate of bacterioplankton (p,,,,) in the lake were obtained for each date from the growth rate as determined by direct count of bacterioplankton in treatments containing either yeast extract (1988) or the combined additions of C, N, and P (1987). Because these treatments usually produced rapidly growing populations, the ratio of inactive cells to actively growing cells was assumed to be negligible at the end of the incubation period. The actual growth rates obtained in these treatments were assumed to be reasonable estimates of potential maximum specific growth rates, even though small proportions of nongrowing cells may have been part of the population.
Results
Nutrient chemistry -Mean concentrations of SRP, DOP, PP, N03, and DOC in the mixed layer of the lake are presented in Table 1 . SRP and DOP generally ranged between 0.2 and 3.0 pg P liter-l but varied considerably between sampling dates. PP varied between 1.6 and 10.0 pg P liter-' and tended to peak during spring and fall mixing. DOC concentrations ranged between about 1.5 and 2.5 mg C liter-l and were highest and most variable during summer stratification.
NO, concentrations surpassed 100 pg N liter-l during winter and during periods of mixing, but declined steadily after the onset of summer stratification. NO3 concentrations in the epilimnion were between 15 and 30 pg N liter-' in 1987 and ~2 pg N liter-l in 1988. NO3 concentrations in the 1988 epilimnion indicate severe N limitation of phytoplankton (Morris and Lewis 1988) .
Biomass andproduction ofphytoplankton and bacteria -Net primary production was In both years, rates peaked in fall as the mixed layer began to thicken but before mixing was complete (Fig. 1) . Chl a and POC peaked about the same time (Fig. 2) . Similar primary production trends have been noted previously for the lake (Lewis et al. 1984; Morris and Lewis 1988) and can be explained by the relief of nutrient limitation that develops during summer stratification. Pheophytin a, which is an index of decomposition or of zooplankton grazing (Carpenter and Bergquist 198 5) , showed only slight seasonal variation; maximum values occurred in fall and under the ice (Fig. 2) .
The distribution of bacterioplankton in the lake showed extensive seasonal and vertical variation (Fig. 3A) . Numbers of bacteria were lowest during winter under ice and during spring and late fall mixing (0. l-0.3 x lo6 cells ml-l); bacteria were distributed uniformly throughout the water column. The development of larger numbers of bacterioplankton generally corresponded to the increasing stability of the epilimnion; in both 1987 and 198 8 bacterioplankton abundance peaked in the epilimnion in late summer (0.6-1.8 x lo6 cells ml-l). Except for occasional minor peaks just below the mixed layer, bacterioplankton density decreased precipitously between the epilimnion and the hypolimnion.
Pooled bacterioplankton cell volume data for the epilimnion, hypolimnion, and the entire water column are shown in Table 2 . The volumes were not normally distributed (Kolmogorov-Smirnov goodness-of-fit test for normality, P I 0.001; Sokal and Rohlf 198 1). Cell volumes for the three strata were contrasted by use of the Kruskal-Wallis test followed by a nonparametric multiple comparisons analysis (Devore 1982) . The bacterioplankton of the hypolimnion were smallest (mean, 0.069 pm3); bacterioplankton from the whole water column during winter and during spring and fall mixing were about the same size (mean, 0.075 pm3), although the small difference in size was statistically significant at a I 0.05. Bacterioplankton of the epilimnion were larger (mean, 0.144 pm3; cy I 0.05).
In both years, mean cell volume was lowest in winter and increased steadily in the epilimnion during summer stratification. Maximum cell volumes occurred near the peak of water-column stability and decreased again as the thermocline thickened in late summer and fall. The nonparametric Mann-Whitney U-test (Sokal and Rohlf 198 1) showed that cells in the epilimnion were significantly larger than those in the hypolimnion (P 5 0.001) for all 16 dates when the lake was stratified.
Bacterioplankton biomass showed marked seasonal and vertical variation in 1987 and 1988 (Fig. 3B) . A large proportion of the bacterioplankton biomass was restricted to the epilimnion. In 1987, the biomass peak (33 mg C me3) was lower than in 1988 (75 showed little variation. Biomass per unit mg C md3). Biomass was often uniformly area (Fig. 4) was lowest under the ice or distributed within the epilimnion. On some during spring mixing (170-490 mg C mW2) dates, biomass peaked at or near the therand highest during summer stratification mocline. Bacterioplankton biomass in the (1 ,OOO-2,200 mg C m-'). hypolimnion was substantially lower than Incorporation of tritiated Tdr also showed in the epilimnion (l-8 mg C m-3) and marked seasonal and vertical variation ( Fig. 4 . Areal estimates of bacterioplankton biomass and the ratio ofbacterioplankton biomass to POC in Lake Dillon, 1987 Dillon, -1988 . Hatching-ice cover. 3C). The highest incorporation rates were observed in the summer epilimnion (1 O-l 2 pmol liter-' h-l); the lowest rates occurred in the hypolimnion or throughout the water column in winter or during spring and fall mixing (0.2-2.0 pmol liter-' h-l). Conversion factors relating Tdr incorporation to growth rate were estimated for 13 dates; on other dates (mostly winter), growth was too slow to allow a reliable estimate. Because conversion factors did not follow any seasonal trend, a mean value was used for all calculations (2.03 x lo9 cells nmol-1 Tdr; SE 0.25 x 109).
Bacterioplankton production ranged between 0.1 and 23.0 mg C m-3 d-' (Fig. 3D) . Rates of production were lowest in winter under ice and in the hypolimnion (0.1-2.5 mg C rnd3 d-l); the highest rates were found in the epilimnion during late summer (8.0-23.0 mg C m-3 d-l). Within the epilimnion, production often increased with depth and peaked at or near the thermocline, but decreased markedly in the hypolimnion. This trend resulted from a combination of decreased activity (Tdr incorporation) and a smaller mean cell volume of bacterioplankton in the hypolimnion.
Areal rates of bacterioplankton production ( 52 1% of algal production. The highest ratios consistently appeared during the winter under ice when algal and bacterial production were both low.
Bacterioplankton production also exceeded primary production on several dates during summer stratification.
Annual areal bacterioplankton production was 60% of phytoplankton production in 1987 and 66% in 1988.
Cell densities and production (as cells produced per unit time) were used as an index of the population growth rate of bacterioplankton in the lake. The mean population growth rate (h) for bacteria was 0.0 12 h-' (SE 0.0005; n = 409), which is equivalent to a generation time of 2.4 d. Values of p ranged from 0.001 to 0.08 1 h-l (generation time 29.0-0.4 d). In both 1987 and 1988 , maximum values of p (0.054 and 0.08 1 h-l) occurred in the epilimnion during the early stages of stratification (Fig. 5) . Except for these notable peaks, p in the epilimnion was generally low (0.005-0.0 10 h-l) and often even less than p in the hypolimnion.
Discussion
Biomass, production, and growth ratesDuring 198 7, mean cell volume increased by a factor of 2.2 from winter minima to summer maxima, while cell abundance increased by a factor of 2.5. Increases in mean cell volume alone accounted for 47% of the seasonal variation of bacteria biomass during 1987 and 35% in 1988. Bacterioplankton biomass comprised between 1 and 14% (mean 4.1 O/o) of total POC when calculated on an areal basis for the entire water column (Fig. 4) . Bacterioplankton biomass accounted for a larger proportion of POC during summer stratification (5 and 14%) than during winter or spring mixing (1 and 3%).
Although the biomass of bacterioplankton comprised only a small proportion of the total POC, bacteria accounted for a large fraction of the total production (primary + heterotrophic). On an annual areal basis, C equivalent to 60% (1987) and 66% (1988) of net primary production was converted to bacterioplankton biomass. If the growth efficiency of bacterioplankton varies between 40 and 60% (most common values vary between 10 and 90% depending on substrate: Hobbie and Crawford 1969; Crawford et al. 1974; Bell 1984; Jorgensen 1986 ), then C equivalent to l-2 times net primary production was processed by the bacterioplankton of the lake.
Analysis ofpopulation growth rates-Bacterioplankton production has typically been compared to primary production, Chl a, EOC production, and other variables in an attempt to demonstrate how growth is regulated in situ. This approach implicitly assumes that production reflects microbial activity, even though production is affected by standing stock as well as metabolic rate. A high level of production could be achieved by a small biomass growing at a high rate or by a large biomass growing at a low rate. Population growth rates provide a more direct index of activity and therefore a more reasonable basis for assessing the importance of environmental variables in regulating bacterioplankton production. Mean values of p in the top 10 m of the lake peaked after the onset of stratification (Fig. 5) , even though bacterioplankton biomass and production were moderate to low at that time. The high growth rates during this period resulted in a substantial accumulation of bacterioplankton biomass. Although growth rates declined precipitously during the remainder of the summer, high production was sustained by the large standing stock of bacterioplankton.
Measuring activity in terms of growth rate is also advantageous because temperature places a predictable upper limit on the growth rates of organisms (Eppley 1972; Goldman and Carpenter 1974) . With a temperature conversion, it is possible to compare observed growth rates with potential growth rates that could be expected under ideal conditions.
The maximum specific growth rate &,,) of bacterioplankton in the lake was estimated on 28 dates during the study. As shown in Fig. 6 , there is a highly significant relationship between temperature and pmax (P < 0.001):
where T is temperature ("C). This equation was used to estimate the potential p,nax for bacterioplankton in the top 10 m of the lake throughout 1987 and 1988 (Fig. 7) . The values of p,,, varied from 0.0 10 h-1 (winter) to 0.070 (midsummer).
Although maximum rates of bacterioplankton production were observed during mid-to late stratification, values of p during the same period were considerably suppressed relative to pInax (Fig. 7) .
The disparity between p and pmax could be the result of several factors: decrease in the proportion of cells exhibiting Tdr kinase activity, increase in the ratio of dormant cells to active cells, or declining specific growth rates of active cells in the epilimnion of the lake. Although the proportion of cells incorporating Tdr was not measured, it is , 1987-1988. unlikely that this mechanism was wholly responsible for the difference between p and P ,nax. Such a scenario would have required the proportion of cells incorporating Tdr to decline substantially during the last 2 weeks of June (by a factor of 4 in 1987 and by a factor of 7 in 1988, Fig. 7) . After a precipitous decline, only a small fraction of the standing stock of bacterioplankton in the epilimnion would have exhibited Tdr kinase activity (~25% in 1987 and 14% in 1988) . Although seasonal variation occurs in cells which can incorporate Tdr, these percentages are unrealistically low (Simek 1986 ).
Declining growth rates of active cells, or an increase in the proportion of inactive cells, is the most probable cause for the disparity between p and pnInx. Although allelopathy could be responsible for declining growth rate (Lewis et al. 1986; Cannel1 et al. 1988) , it is very unlikely given the low algal abundance of the lake. A more probable cause for suppression of bacterioplankton growth in the epilimnion is nutrient limitation.
Statistical evidence for nutrient limitation -For Lake Dillon, bacterioplankton production shows significant bivariate correlation with primary production, Chl a, and POC (Table 3) . Similar results are reported by Chrzanowski and Hubbard (1988) and by Simon and Tilzer (1987) , who also used statistical analysis to investigate bacterioplankton production in lakes. For Lake Dillon, and possibly for other lakes as well, it is inappropriate to use the results of this Experimental evidence of nutrient limianalysis to make inferences about the reg-tation-In 17 of the 28 nutrient addition ulation of bacterioplankton growth in situ experiments, the response of bacterioplankbecause bacterial biomass, which affects ton to nutrient additions was evaluated both bacterial production (r = 0.78 for Lake Dilon the basis of growth rate (based on cell lon), reflects cumulative effects of growth counts) and the rate of Tdr incorporation at and loss over an uncertain period of time, the end of the incubation period. Because can be low when the growth of individual the outcome was the same for the two methcells is high. Insight into mechanisms that ods of measuring bacterial response, all inregulate growth is much more likely to be terpretation of the 28 enrichment experiobtained from statistical analysis based on ments is based exclusively on Tdr growth rate rather than production.
incorporation. A second problem with the use of bivariate correlation analysis is the lack of independence among a number of variables which might affect bacterioplankton growth. This lack of independence is illustrated by the highly significant correlation between production and temperature (P I 0.00 1; r = 0.77), which is also highly correlated with every other variable of interest in the data set. The effect of temperature on both metabolism and the physical structure of the environment (stratification) can be especially important in producing statistically significant correlations between variables that have no true cause and effect relationship. Multivariate techniques that control for one or more of the confounding variables are useful in reducing the importance of this problem.
After normalization by logarithmic transformation, the Tdr incorporation data were analyzed by one-way ANOVA to determine whether mean values differed between treatments. When a significant difference (P 5 0.05) was detected, treatments were compared a posteriori by use of the Duncan multiple range test (Sokal and Rohlf 198 l) , which ordered treatments with respect to mean Tdr uptake rate and grouped experimental treatments into statistically homogeneous subsets.
Specific growth rates of bacterioplankton in the epilimnion of the lake were analyzed by partial correlation incorporating temperature as a controlled variable (Table 3) . The partial correlation analysis shows that p is negatively correlated with bacterioplankton biomass (Table 2 ; P 5 0.001; r = -0.42), suggesting competition among bacteria for nutrients. The concentration of DOC and of its potential sources (primary production, POC, Chl a, pheophytin a) is not significantly related to bacterioplankton growth rate. However, p is significantly related to TDP (P 5 0.001; r = 0.25) and PP (P I 0.001; r = 0.27). Also, the 10 values of p that comprise the 1987 and 1988 peaks occurred at total P concentrations above the 95th percentile for the entire data set. These results suggest that P rather than C is important in regulating bacterioplankton growth in the lake.
Nomenclature and categories of nutrient limitation defined for phytoplankton nutrient limitation by Morris and Lewis ( 1988) are applicable to bacterioplankton communities and are used here. Four distinct Tdr incorporation responses to nutrient additions are possible: no significant difference in mean Tdr incorporation rates between nutrient addition treatments (no limitation); significantly greater means in treatments that include C (C limitation), N (N limitation), or P (P limitation); significantly greater means only with simultaneous additions of two or more nutrients (concurrent limitation, symbolized N+P, N+C, C+P, or N + P+ C); and significantly greater means with separate applications of two or more nutrients and with addition of these nutrients in combination (reciprocal limitation, symbolized N/P, N/C, C/P, or N/P/C). Concurrent limitation indicates extreme shortages of more than one nutrient across the entire assemblage, whereas reciprocal limitation indicates limitation of two or more components of the bacterioplankton assemblage by different nutrients (Morris and Lewis 1988) .
Response of bacterioplankton commu- 
nities to additions of amino acids is ambiguous because amino acids provide both C and N, but can be interpreted from results of separate and combined additions of C and N. Yeast extract is a multiple nutrient source containing a variety of C, N, and P compounds as well as micronutrients. Addition of yeast extract will result in growth response whenever communities are limited by N, P, or C, but could also produce a response in the absence of limitation by N, P, or C if bacterioplankton are limited by trace elements or specific organic substances.
sist of a single nutrient or several nutrients operating concurrently or reciprocally.
The nutrient limitation that was suggested by low population growth rates and by multivariate statistical analysis was confirmed by the nutrient addition experiments (Table 4) . Bacterioplankton responded to nutrient enrichment during most of the open-water period; the response was especially strong for bacteria in the summer epilimnion (Fig. 8) Fig. 8 . Distribution of the forms of bacterioplankton nutrient limitation in Lake Dillon, 1987 Dillon, -1988 The general pattern was similar in 198 8, but N and C played stronger secondary roles, especially from early August to the onset of fall mixing. The only growth response to amino acid additions occurred during this period. On three dates in August and September 1988, the growth response to yeast extract was much higher than that to other additions. Nevertheless, the primary limitation during this period consisted of P alone or in combination with N. In both years, the degree of nutrient response declined during fall mixing as nutrient-rich water entered the mixed layer from the hypolimnion.
Enrichment responses to a large extent reflect nutrient concentrations. P was more abundant in the lake in 1988 than in 1987 because of higher runoff (mean total P concn in the epilimnion, 7.1 pg P liter-' in 1988; 5.3 pg P liter-' in 1987); response of bacterioplankton to P enrichment was greater in 1987. The small N response in 1987 (only one date) is matched by high availability of inorganic N during that year (NO3 in the epilimnion was never < 15 pg liter-l). In contrast, NO3 was severely depleted in the epilimnion in 1988 (< 1 pg liter-'). The timing of the onset and alleviation of bacterioplankton N response in 1988 corresponded closely to the appearance of epilimnetic NO3 depletion. Because C limitation occurred only once in the lake, it is not possible to relate its occurrence to seasonal variations in C chemistry.
Nutrient limitation of bacterioplankton was largely restricted to the summer epilimnion (Fig. 8) . In summer 1988, samples from the hypolimnion were used in three nutrient limitation experiments. No significant growth response was detected for any of the nutrient treatments. Nutrient enrichment also failed to cause a growth response in surface samples during much of the winter under the ice. These results do not necessarily show that nutrient limitation was absent. At low temperatures, differences between p and pmaX are likely to be small (~0.0 10 h-l) and difficult to detect without long incubations. Even if nutrient limitation could be demonstrated in winter or in the summer hypolimnion, it would have little ecological significance because temperature is the predominant cause for low bacterioplankton growth rates under these conditions.
Conclusion
Bacterioplankton population growth rates in Lake Dillon are greatly suppressed relative to pmax. Experimental nutrient additions provide the greatest growth response during periods when p and pnlax differ substantially, indicating that this suppression is the result of nutrient limitation. Both statistical and experimental studies indicate that P plays an important role in regulating bacterioplankton growth. These results, along with statistical evidence (Bird and Kalff 1984; Shortreed and Stockner 1986; Currie 1990 ), P cell content data (Vadstein et al. 1988; Jiirgens and Glide 1990) , and experimental evidence from other sources (e.g. Jones 1977; Toolan et al. 199 l) , suggest that P may be important in regulating bacterioplankton biomass or activity in a variety of aquatic systems.
There is little doubt that flux of EOC from planktonic algae supplies a major fraction of bacterioplankton substrate (Brock and Clyne 1984) ; in Lake Dillon, the relative magnitudes of primary production and bacterioplankton production suggest that bacteria must depend on algal substrates. However, it does not follow that algal EOC flux places a direct constraint on bacterioplankton growth. Inorganic nutrients could regulate bacterial growth despite the ultimate reliance of bacteria on organic matter. In fact, inorganic nutrient deficiency would help explain the typical occurrence of milligram per liter concentrations of DOC in surface waters despite the capacity of bacteria to take up substrate at low concentrations (e.g. Jorgensen and Sondergaard 1984) .
A strong role for P in limiting bacterioplankton would seem paradoxical because the principles of uptake kinetics suggest that bacterioplankton could obtain sufficient inorganic P from the water even when phytoplankton are severely P limited. The superior uptake ability of bacteria has been demonstrated experimentally in laboratory chemostats under conditions designed to induce P competition between bacterioplankton and phytoplankton (Currie and Kalff 1984a) . Currie and Kalff (1984b,c) also reported that small amounts of P added to natural, nutrient-deficient assemblages of bacterioplankton and phytoplankton are taken up entirely by bacteria. One physical basis for the kinetic superiority of bacteria is their high surface-to-volume ratio. Whereas phytoplankton have surface-tovolume ratios near 1 and maximum values of 8, bacterioplankton have ratios > 10 ( Lewis 1976 ). In addition, heterotrophic bacterioplankton have access to organic P that may not be readily available to phytoplankton.
A potential resolution to the paradox of bacterioplankton P deficiency may lie in the relative abilities of bacteria and phytoplankton to store P. The few studies of P storage in bacterioplankton suggest that bacteria do not contain excess P (Jiirgens and Glide 1990; Vadstein et al. 1988 ) and thus may store only small amounts of polyphosphate-P suitable for short-term homeostasis rather than long-term reserve. In contrast, phytoplankton can store sufficient quantities of polyphosphate-P for up to 10 cell divisions (Reynolds 1984) . If P storage capacity of bacterioplankton is less than that of phytoplankton, P limitation of bacteria could occur even when phytoplankton are not P deficient. Thus, differential P storage capacity may explain why P limitation of bacterioplankton occurs in nature despite the kinetic superiority of bacteria for P uptake.
